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Methods for modulating T cell responses by manipulating intracellular signals associated with T cell costimulation are disclosed. The 

to e«m D irbv mating *e activity of a protein tyrosine kinase or a protein tyrosine phosphatase in fte T cdL Inhibition of a T cell 
i SocSn ac£X« wkh tt.e disclosed meUiods is useful therapeutically in situations where it is desirable to mhibu an .mmune response 
1 ^Tmt ZZuZZwplc in organ or bone marrow transplantation and autoimmune diseases. Alternately, sumutanon of a Teen 
m^ccorfen« with the disclosed methods is useful therapeutically to enhance an immune response to an anttgen(s) for example 
; ro stoula" ^^mrrasponse in a subject with a tumor, to stimulate a response against a pathogenic ^« ? r . «"^ e 

vacSiom NovS seroenmTassays for identifying inhibitors or activators of phosphatidylinos.tol 3-k.nase. wh,ch can be used to mh.btt 

or stimulate a T cell response, are also disclosed. 
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METHODS FOR MODULATING T CELL RESPONSES BY MANIPULATING 
INTRACELLULAR SIGNAL TRANSDUCTION 



5 Background of the Invention 

The induction of antigen-specific T cell responses involves multiple interactions 
between cell surface receptors on T cells and ligands on antigen presenting cells (APCs). 
The primary interaction is between the T cell receptor (TCR)/CD3 complex on a T cell and a 
major histocompatibility complex (MHC) molecule/antigenic peptide complex on an antigen 

10 presenting cell. This interaction triggers a primary, antigen-specific, activation signal in the 
T cell. In addition to the primary activation signal, induction of T cell responses requires a 
second, costimulatory signal. In the absence of proper costimulation, TCR signalling can 
induce a state of anergy in the T cell. Subsequent appropriate presentation of antigen to an 
anergic T cell fails to elicit a proper response (see Schwartz, R.H. (1990) Science 218:1349). 

15 A costimulatory signal can be triggered in a T cell through a T cell surface receptor, 

such as CD28. For example, it has been demonstrated that suboptimal polyclonal stimulation 
of T cells (e.g. by anti-CD3 antibodies or phorbol ester, either of which can provide a primary 
activation signal) can be potentiated by crosslinking of CD28 with anti-CD28 antibodies 
(Linsley, P.S. et al. (1991) J. Exp. Med 122:721 ; Gimmi, CD. et aL (1991) Proc. Natl Acad 

20 Set USA £&:6575). Moreover, stimulation of CD28 can prevent the induction of anergy in T 
cell clones (Harding, F. A. (1992) Nature 156:607-609). Natural ligands for CD28 have been 
identified on APCs. GD28 ligands include members of the B7 family of proteins, such as 
B7-1(CD80) and B7-2 (B70) (Freedman, A.S. et al. (1987) J. Immunol 122:3260-3267; 
Freeman, G.J. et al. (1989) J. Immunol 142:2714-2722; Freeman, G.J. et al. (1991) J. Exp. 

25 Med. 124:625-631; Freeman, G.J. et al. (1993) Science 262:909-91 1; Azuma, M. et al. (1993) 
Nature 266:76-79; Freeman, G.J. et al. (1993) J. Exp: Med. HS:21 85-2 192). In addition to 
CD28, proteins of the B7 family have been shown to bind another surface receptor on T cells 
related to CD28, termed CTLA4, which may also play a role in T cell costimulation (Linsley, 
P.S. (1991) J. Exp. Med 124:561-569; Freeman, G.J. et al. (1993) Science 262:909-91 1). 

30 The elucidation of the receptonligand relationship of CD28/CTLA4 and the B7 

family of proteins, and the role of this interaction in costimulation, has led to therapeutic 
approaches involving manipulation of the extracellular interactions of surface receptors on T 
cells which bind costimulatory molecules. For example, a CTLA4Ig fusion protein, which 
binds to both B7-1 and B7-2 and blocks their interaction with CD28/CTLA4, has been used 

35 to inhibit rejection of allogeneic and xenogeneic grafts (see e.g., Turka, L.A. et al. (1992) 

Proc. Natl. Acad. Set USA £2:11102-11105; Lenschow, D.J. etal. (1992) Science 252:789- 
792). Similarly, antibodies reactive with B7-1 and/or B7-2 have been used to inhibit T cell 
proliferation and IL-2 production in vitro and inhibit primary immune responses to antigen in 
vivo (Hathcock K.S. et al. (1993) Science 262:905-907; Azuma, M. et al. (1993) Nature 
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2^:76-79; Powers, G.D. et al. (1994) Ce//. Immunol 152:298-31 1; Chen C. et al. (1994) J. 
Immunol 152:2105-21 14). Together, these studies indicate that T cell surface receptors 
which bind costimulatory molecules such as B7-1 and B7-2 are desirable targets for 
manipulating immune responses. 
5 While the extracellular interactions between CD28/CTLA4 with their ligands have 

been characterized in some detail, little is known regarding the intracellular events that occur 
in a T cell following ligation of these molecules. T cell costimulation is thought to involve 
an intracellular signal transduction pathway distinct from signalling through the TCR since 
the costimulatory pathway is resistant to the inhibitory effects of cyclosporin A (see June, 
10 C.H. etal. (1990) Immunology Today 11:21 1-216) Protein tyrosine phosphorylation has been 
shown to occur in T cells upon CD28 ligation and it has been demonstrated that a protein 
tyrosine kinase inhibitor, herbimycin A, can inhibit CD28-induced IL-2 production 
(Vandenberghe, P. et al. (1992) J. Exp. Med. 125:951-960; Lu, Y. etal. (1992)7. Immunol 
142:24-29). 

1 5 Studies indicate that the CD28 receptor can trigger signals in common with the 

antigen receptor as well as signals that are independent of the antigen receptor. Further the 
degree of CD28 receptor oligomerization is an important detenninant in CD28 -mediated 
signal transduction (Linsley, P.S. and Ledbetter, J.A. (1993) Annu. Rev. Immunol 11:191 and 
Ledbetter, J.A. et al. (1990) Blood 2&153 1). Studies using anti-CD28 and anti-CD3 

20 monpclphal antibodies demonstrate that calcium signaling, phospholipase C (PLC) 

activation, increased tyrosine kinase activity, andp21 ras activation all occur early after 
recdptdf engagement (reviewed in June, C.H. et ak (1994) Immunol Today 1$;. 321 and 
Rud& C-E. ct al. (1994) Immunol Today 11:225). The protein tyrosine kinases p72 ilk and 
p56 1 ^ (August, A. and Dupont, B. (1994) Biochem, Biophys. Res. Commun. 122:1466 and 

25 August, A. et al. (1994) Proc. Natl Acad Sci. U.S.A. 21:9347) have been reported to be 
activated or physically associated with both CD28 and the T cell antigen receptor. The 
CD28-mediated calcium, p21 and p70 s6 kinase signals are more prominent in T cell blasts 
than omresting T cells, .and are temporally delayed in comparison to antigen receptor signals 
(tSMvsr, J.A. et al. (1987) Proc. Natl Acad Sci. U.S.A. M:1384; Nunes, J.S. et al. (1993) 

30 BioM^-J. 222:835; Siegel, J.N. etal. (1993) J. Immunol 151:41 16; and Pai, S.V. et al. 
(1994)7- Immunol 24:2364). Furthermore, while both CD8+ T cells and CD4+ T cells 
... f)espb|id|tp CD28 signals, anti-CD28-induced calcium signals are primarily restricted to 
CE)4f:Mcells (Abe, R.P. et al. (1995) J. Immunol in press). Together these studies indicate 
that CE)28 signal transduction is coupled to several signal transduction cascades and that the 

35 nature of the signal is regulated during T cell development. 

Slim™**™ of the Invention 

This invention relates to the regulation of T cell responses by manipulation of 
intracellular signal transduction. In particular, intracellular signalling events which occur 
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upon costimulation of a T cell are manipulated. The invention encompasses methods for 
modulating T cell responses by inhibiting or stimulating one or more intracellular signals 
which result from ligation of a surface receptor on a T cell which binds a costimulatory 
molecule. It has now been discovered that CD28 receptor stimulation leads to the production 
5 of D3-phosphoinositides within a T cell. Moreover, it has been discovered that inhibition of 
the activity of phosphatidylinositol 3-kinase in a T cell can inhibit T cell responses, such as 
lymphokine production and cellular proliferation. These discoveries indicate a functional 
role for D3-phosphoinositides in a costimulatory signal transduction pathway and provide 
phosphatidylinositol 3-kinase as an intracellular target for modulation of T cell responses. 

10 Accordingly, intracellular signalling events involving D3-phosphoinositides can be 
modulated either to inhibit a costimulatory signal and thereby induce T cell 
unresponsiveness, or to trigger a costimulatory signal and thereby generate a T cell response. 
In addition, novel screening assays for identifying inhibitors or activators of 
phosphatidylinositol 3-kinase, which can be used to inhibit or stimulate a T cell response, are 

15 within the scope of the invention. 

One aspect of the invention pertains to methods for inhibiting a response by a T cell 
which expresses a surface receptor that binds a costimulatory molecule. These methods 
involve contacting the T cell with an agent which inhibits production of D3- 
phosphoinositides in the T cell. In one embodiment, the agent is an inhibitor of a 

20 phosphatidylinositol 3-kinase, such as the fungal metabolite wortmannin or the bioflavenoid 
quercetin, or derivatives or analogues thereof (e.g. LY294002). In another embodiment of 
the method of the invention, the T cell is contacted with at least one additional agent which 
inhibits a different intracellular signal associated with costimulation, such as protein tyrosine 
phosphorylation. For example, the T cell can be contacted both with an inhibitor of 

25 phosphatidylinositol 3-kinase and with an inhibitor of a protein tyrosine kinase. A preferred 
inhibitor of a protein tyrosine kinase is herbimycin A. Alternatively, protein tyrosine 
phosphorylation can be inhibited in a T cell by a tyrosine phosphatase or an activator of a 
tyrosine phosphatase. In this embodiment, the T cell can be contacted with an inhibitor of 
phosphatidylinositol 3-kinase and with a molecule, e.g., an antibody, which binds to and 

30 activates a cellular tyrosine phosphatase, such as CD45 or Hcph. In another preferred 

embodiment of the method of the invention, the T cell is contacted with an inhibitor of a 
protein serine kinase or an activator of a serine phosphatase. 

The invention also provides methods for inducing unresponsiveness to an antigen in a 
T cell by triggering a primary, antigen-specific signal in a T cell while interfering with an 

35 intracellular signal associated with costimulation in the T cell. As a result of interfering with 
costimulatory signal transduction, the T cell fails to receive a proper costimulatory signal in 
the presence of the antigen and antigen-specific unresponsiveness is induced in the T cell. To 
induce T cell unresponsiveness, an antigen-specific T cell is contacted with the antigen in a 
form suitable for stimulation of a primary activation signal in the T cell, together with an 
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agent \yhich inhibits production of D-3 phosphoinositides in the T cell. For example, a T cell 
can be contacted with an antigen presented by an APC together with an inhibitor of 
phosph^tidylinositol 3-kinase, such as wortmannin or quercetin or derivatives or analogues 
mereoff (e.g: LY294002). Additionally, other intracellular signals associated with 
5 costimulatipn, such as protein tyrosine phosphorylation and/or protein serine 
phospriprylatipn, can be inhibited in the T cell. 

g^Aods for inhibiting T cell responses and for inducing T cell unresponsiveness are 
useful ^situations where it is desirable to. down-modulate an immune response, for example 
in a transplant recipient (e.g., of an organ graft or bone marrow graft etc.) or a subject 
1 0 sufferiHg^frorn an autoimmune disease or other disorder associated with an abnormal immune 
response. , AjI agent which inhibits signal transduction associated with costimulation (e.g., an 
inhibitor /pTmb^itol-phOsphate 3-kinase) can be adrmnistered to a subject or, alternatively, T 
cells cian be; obtained from the subject, treated in vitro as described herein and administered to 
the subject. 

1 5 Another aspect of me invention pertains to methods for stimulating a response by a T 

cell which, has received a primary, activation sign a surface receptor that binds 

a costirnulatory molecule. These methods involve contacting the T cell with an agent which 
stimulates production of D-3 phosphoinositides in, the T cell, such as an activator of 
phosphatidylinositol 3-kinase. In another embodiment, the T cell is contacted with an agent 

20 which stimulates production of D-3 phosphoinositides arid at least one additional agent which 



stimuj^^ signal associated with costimulation, such as protein 

.tyrosinej-p^pspriorylation For example, ^e;T*c^ of 
phospMlidyiin^ together ;^th ^ ^tivator of a protein tyrosine kinase, such as 

pervanaoate.: Jh ^another embodiment^ the T cell is further contacted with a 

/ry.^^.;r ' ■ -:- :?r 

25 an agehtfwHch activates aprotein serine kinase: Alternatively, an inhibitbr of a cellular 

■ PM^^^^i^^^ SP 45 or Hcph, can b^usedji conjunction with a PI3K activator. In yet 
anomer^^bodiment of the invention, an antigen-specific T cell response is stimulated by 
cbntocting an antigen-specific T cell with the antigen together with an agent which stimulates 
production of D-3 phosphoinositides in the X cell, thereby stimulating both a primary 

30 activation signal and a costimulatbry signal in the T cell. In another embodiment of the 

■ in vejn^^the ^antigen-specific T cell response; is ; firmer stimulated by contacting the antigen- 
s]^(ficf3^cell with one or more ^entS|$ftch^ ryrosme ahoVor protein serine 
kinases.! * . •• -: « - ' \ ■ ' •• 

Methods for stimulating T cell resj^hses are. useful in situations where it is desirable 
3 5 to u^re^ulate [an iinmune response. For example £■ response against a tumor in a tumor- 
bearinglsubject can be stimulated or a response ajgainst a pathogen (e.g., a bacteria, a virus, 
such asfHIV, fungus, parasite etc.) in a subject can be stimulated. Additionally, the methods 
can be ; usfed to enhance the efficacy of vaccination. An agent which stimulates an 
mtracell^ar signal associated with costimulation (e.g., an activator of inositol phosphate 3- 
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kinase) can be administered to a subject or. alternatively, T cells can be stimulated in vitro 
and then administered to a subject. 

Another aspect of the invention pertains to screening assays for identifying inhibitors 
or activators of a phosphatidylinositol 3-kinase. In one embodiment, a T cell which expresses 
5 a cell surface receptor (e.g., CD28) which binds a costimulatory molecule is utilized. To 

identify an inhibitor, an intracellular signal transduction pathway associated with the receptor 
in the T cell is stimulated in the presence of an agent to be tested and an inhibitor is identified 
based upon its ability inhibit production of at least one D-3 phosphoinositide in a T cell. To 
identify an activator, the T cell is contacted with an agent to be tested and an activator is 
10 identified based upon its ability to stimulate production of at least one D-3 phosphoinositide 
in a T cell. 

The invention further pertains to a novel tyrosine-phosphorylated protein of 
approximately 67 kDa which is associated with CD28 in T cells stimulated through CD28. 
Methods for blocking activation of the protein, or its interaction with CD28, or alternatively, 
1 5 methods for activating the 67K protein or stimulating its interaction with CD28 are also 
contemplated herein. 

flrief Description of the Drawing s 

Figure 1 is a graphic representation of the production of phosphatidylinositol(3,4,5)- 
20 triphosphate in CD28+ T cells (Jurkat cells) following stimulation of the cells with medium, 
an anti-CD3 antibody or an anti-CD28 antibody, demonstrating distinct kinetics of 
phosphatidylinositol 3-kinase activation upon stimulation through CD3 or CD28. 

Figure 2 is a grahic representation of the production of phosphaudylinositol(3,4,5> 
triphosphate in CD28+ T cells (Jurkat cells) following stimulation of the cells with CHO cells 
25 transfected to express B 7-1 or B7-2, demonstrating distinct kinetics of phosphatidylinositol 
3-kinase activation upon stimulation with B7-1 or B7-2. 

Figure 3 is a graphic representation of the effect of various concentrations of 
wortmannin (0-100 mM) on production of phosphatidylinositol(3,4,5)-triphosphate in CD28 + 
T cells (Jurkat cells) following stimulation of the cells with CHO cells transfected to express 
30 B7-2. 

Figure 4 is a graphic representation of the effect of wortmarinin or herbimycin on 
calcium influx in T cells induced by ligation of CD28 with an anti-CD28 antibody. 

Figure 5 is a series of flow cytometric profiles from a cell-conjugate assay in which 
Jurkat cells were incubated either CHO-neo, CHO-B7-1 or CHO-B7-2 cells. Calcium flux is 
35 indicated on the Y-axis and cell conjugation is indicated on the X-axis. 

Figure 6 is a graphic representation of the effect of membrane-bound B7-1 and B7-2, 
in combination with an anti-CD3 antibody, on IL-2 production by purified human peripheral 
blood T cells, demonstrating a dose dependent increase in IL-2 production by costimulation 
with either B7- 1 or B7-2. 
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Figure 7 A is a graphic representation of the effect of wortmannin treatment (] nMto 
1 mM) on IL-2 production by resting human T cells 24 hours after stimulation of the cells 
with media, immobilized anti-CD3 + CHO-B7-1, immobilized anti-CD3 + CHO-B7-2, PMA 
+ CHO-B7-1 or PMA + CHO-B7-2. 
5 Figure 7B is a graphic representation of the percent inhibition by wortmannin (1 to 

1 00 nlylX of IL-production by human T cells stimulated for 24 hours with anti-CD3 antibody 
(OKT3) together with CHO cells expressing B7-1, B7-2 or both B7-1 and B7-2, or T cells 
stimulated with PMA together with CHO cells expressing B7-1 or B7-2. 

Figure 8 is a graphic representation of the effect of herbimycin pretreatment on the 
1 0 production of phosphatidylinositol (3 ,4,5)-triphosphate by Jurkat cells stimulated with anti- 
CD28 mAb (9.3), CHO, CHO-B7-1, or CHO-B7-2 cells. 

Figure 9 represents a thin layer chromatography showing the amount of 
phospha^ti4ylinositol(3,4,5)-triphosphate produced by Jurkat cells at different time points after 
stimulation with anti-CD28 mAb (9.3) or CHO-B7-1 (B7) cells in the presence (+) or absence 
15 (-) of herbimycin. 

Figure 1 OA is a graphic representation of IL-2 secretion by peripheral blood T cells 
stimulated with PMA alone or with CHO-B7-1 (PMA + CHOB71), CHO-B7-2 (PMA + 
CHOB7-2), 9.3 mAb in solution (PMA + 9.3), 9.3 mAb on beads (PMA + 9.3 beads), 
ionomycin (PMA .+ Iono), or ionomycin and soluble 9.3 mAb (PMA + Iono +9.3) in the 
20 presehce|pr absence of herbimycin A. 

Jj^ak JOB is a graphic representation of IL-2 secretion by peripheral blood T cells 
stimulate^ with anti-CD3 (OKT3) alone or with CHO-B7-1 (OKT3 + CHOB71), CHO-B7-2 
(OKT3 +;CHQB72), or mAb 9.3 (OKT3 + 9.3) in the presence (+Iono) or absence of 
ionomycin. 

25 figure 11 represents an autoradiography of an immunoblot showing that a 

phospho|^osine protein of approximately 67 kDa is coimmunoprecipitated with an anti- 
CD28 antibody. 

/.rc^^l ' • 

Det ?^ff^g c ? ption tff the Tnventln " 

30 '&|ius invention features methods for regulating T cell responses by modulating 

•mtraceU^ur signals generated in a T cell upon costimulation, e.g. by binding of a surface 
rec^i^Rfen^the.'T.jpell to a costimulatory molecule. In particular, the invention pertains to 
moduliSpn of the production of D-3 phosphoinositides in a T cell to inhibit or stimulate a 
costimp^atory signal to thereby inWbit or stimulate T cell responses. Inhibition of a 

35 cqsumfflatpry signal by interfering with signaijtransduction associated with costimulation can 
fur&ersbe^sed to induce T cell unresponsiveness. The invention is based, at least in part, on 
the discovery that stimulation of a T cell through the CD28 surface receptor leads to the 
production of D-3 phosphoinositides in a T cell and that an inhibitor of a phosphatidylinositol 
3-kinase (also referred to herein as PDK) inhibits production of D-3 phosphoinositides in the 
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T cell upon CD28 ligation. The invention is further based, at least in part, on the discovery 
that inhibition of PI3K activity in a T cell inhibits T cell responses, such as cytokine 
production and cellular proliferation. 

Accordingly, one aspect of the invention pertains to methods for inhibiting a response 
5 by a T cell by interfering with intracellular signal transduction associated with signal 

transduction. In one embodiment, an intracellular signal is inhibited by contacting a T cell 
expressing a cell surface receptor that binds a costimulatory molecule with an agent which 
inhibits production of D-3 phosphoinositides in the T cell. The term "a T cell expressing a 
cell surface receptor that binds a costimulatory molecule" is intended to encompass T cells 

1 0 expressing CD28 and/or CTL A4, or other receptor capable of binding a costimulatory 
molecule such as B7-1 , B7-2 or other B7 family member. 

A "response" by a T cell is intended to encompass T cell responses that occur upon 
triggering of a primary activation signal and a costimulatory signal in the T cell, and includes 
lymphokine production (e.g., IL-2 production) and T cell proliferation. Inhibition of a T cell 

15 response may involve complete blocking of the response (i.e., a lack of a response) or a 
reduction in the magnitude of the response (i.e., partial inhibition of the response). 

The term "D-3 phosphoinositides" is intended to include derivatives of 
phosphatidylinositol that are phosphorylated at the D-3 position of the inositol ring and 
encompasses the compounds phosphatidylinositol(3)-monophosphate (PtdIns(3)P), 

20 phosphatidylinositol(3,4)-bisphosphate (PtdIns(3,4)P 2 ), and phosphatidylinositol(3,4,5)- 
trisphosphate (PtdIns(3,4,5)P 3 ). 

D-3 phosphoinositides are generated intracellularly by the activity of a phosphatidyl- 
inositol 3-kinase (PI3K). PI3K is a heterodimer composed of an 85 kDa subunit that binds 
tyrosyl-phosphorylated proteins via its SH2 domains and a 1 10 kDa catalytic subunit. PI3K 

25 was first identified as a lipid kinase that phosphorylates the D-3 position of the inositol ring 
of phosphatidylinositol, Ptdlns (4)P, and PtdIns(4,5)P2. Two recent studies have 
demonstrated that PI3K is in fact a dual-specificity kinase that possesses both lipid and serine 
kinase activities (Dhand, R. et al. (1 994) EMBO J. 11:522 and Carpenter, C.L. et al. (1993) 
Mol. Cell Biol. 12:1657). 

30 Accordingly, in one embodiment the agent which inhibits production of a D-3 

phosphoinositide in the T cell is an agent which inhibits the activity of a PI3K. A preferred 
agent which inhibits PI3K activity in a T cell is the fungal metabolite wortmannin, or 
derivatives or analogues thereof. Wortmannin is a potent PI3K inhibitor derived from T. 
wortmannii (Kyowa Hakko Kohyo Co. Ltd.) or from P. fumiculosum (Sigma). Wortmannin 

35 derivatives or analogues include compounds structurally related to wortmannin which retain 
the ability to inhibit PI3K and T cell responses. Examples of wortmannin derivatives and 
analogues are disclosed in Wiesinger, D. et al. (1974) Experientia 2Q:135-136; Closse, A. et 
al. (1981) J. Med. Chem. 24:1465-1471; and Baggiolini, M. et al. (1987) Exp. Cell Res. 
169:408-41 8. Another inhibitor of PI3K activity that can be used is the bioflavenoid 
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quercetin, or derivatives or analogues thereof. Quercetin derivatives or analogues include 
compounds structurally related to quercetin that retain the ability to inhibit PI3K and inhibit 
T cell responses. Examples of quercetin derivatives and analogues are disclosed in Vlahos, 
C.J. et.al. (1994) J. Biol Chem. 262:5241-5284. A preferred quercetin derivative which 
5 inhibits PI3K activity is LY294002 (2-(4-morpholinyl)-8-phenyI-4H- 1 -benzopyran-4-one, 
Lilly Indianapolis, IN) (described in Vlahos et al. cited supra). Alternatively, other inhibitors 
of PI3K, for example those identified by methods described below, can be used. 

i Another aspect of the invention involves inhibiting a response by a T cell by 
interfering with two or more intracellular signalling events associated with costimulation. 

1 0 For example, CD28 stimulation has been shown to result in protein tyrosine phosphorylation 
in the T cell (see e.g., Vandenberghe, P. et al. (1992)*/. Exp. Med 122:951-960; Lu, Y. et al. 
(1992) J. Immunol. 142:24-29). Accordingly, in one embodiment, a T cell response is 
inhibited by contacting a T cell with a first agent which inhibits production of at least one D- 
3 phosphoinositide in the T cell and with a second agent which inhibits tyrosine 

1 5 phosphorylation in the T cell. For example, the T ceil can be contacted both with an agent 

which inhibits PI3K activity and with an agent which inhibits protein tyrosine kinase activity. 
A preferred protein tyrosine kinase inhibitor is one which inhibits src protein tyrosine 
kinases. In one embodiment, the src protein tyrosine kinase inhibitor is herbimycin A, or a 
derivative or analogue thereof. Derivatives and analogues of herbimycin A include 

20 compounds which are structurally related to herbimycin A and retain the ability to inhibit the 
activity of protein tyrosine kinases. In another embodiment, the agent which inhibits protein 
tyrosine phosphorylation is a protein tyrosine phpsphataseor an activator of a protein 
tyrosine phosphatase. By increasing the tyrosine phosphatase activity in a T cell, the net 
amount of protein tyrosine phosphorylation is decreased.' The protein tyrosine phosphatase 

25 can be a cellular protein tyrosine phosphatase w the T cell, such CD45 or Hcph. The 

actiyi^f a cell surface tyrosine phosphatase on a T cell can be activated by contacting the T 
cell y^j^rnplecule which binds to the p^pr^atase and stimulates its activity. For example, 
ah antij^dy Juecfep! against CD45 cah be; us^to^ stoul tyrosine phosphatase activity in a 
T..ce^^^esjffig-jGD4'5 on its surface. ^Accordingly, in one embodiment, the agent which 

30 intttijj^ is an anti-GD45 antibody, or a 

fxa^mei^ activity of CD45. Examples of 

antib^p^g^enfe include ^afe arid I^^^^erits^ Antibodies, or fragments thereof; can 
be^pr®|ied in a stimulatory form, for exMple m or immobilized etc. 

CvA^pSher intracellular signals associated with costimulation can be inhibited together 

35 with i^bitipri of D-3 phosphoinositide prpduction^o inhibit T cell responses. For example, 
CD28jl^ation has been associated with increased phpspholipase C activity (see e.g., Nunes, 
J. et al:|;f993) Biochem. J. 221:835-842) and:increased intracellular calcium levels (see e.g. 
Ledbetter, J. A. et al. (1990) Blood 21: 153 1-1539 and the Examples). Accordingly, T cells 
can be contacted with both a first agent which inhibits PI3K activity and a second agent 
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which inhibits phospholipase C activity and/or inhibits increases in intracellular calcium 
levels. As demonstrated in the Examples, the tyrosine kinase inhibitor herbimycin A also 
inhibits CD28 -induced calcium flux in T cells. 

Furthermore, as demonstrated in the Examples, stimulation through CD28 can result 
5 in a herbimycin resistant production of IL-2 by the T cells, suggesting that the signal 

transduction pathway implicated involves additional protein kinases, such as protein serine 
kinases. Studies have shown that protein serine kinases are involved in signal transduction 
pathways associated with CD28 (Siegel, J.N. et al. (1993) J. Immunol HL:41 16-4127 and 
Pai, S.V. et al. (1994) J. Immunol 24:2364). Thus, in a specific embodiment of the 

1 0 invention, T cell responses are inhibited by contacting T cells with an agent which inhibits 
PI3K activity and an agent which inhibits serine kinases. In another embodiment, such T 
cells are further contacted with an agent which inhibits protein tyrosine kinases. In yet other 
embodiments of the invention a T cell response is inhibited by contacting the T cells with 
various combinations of agents which inhibit PI3K, protein tyrosine kinases, protein serine 

1 5 kinases, phospholipase C activity, or an agent which inhibits increases in intracellular 
calcium. 

T cell responses can be inhibited according to the methods of the invention either in 
vitro or in vivo. For example, an agent which inhibits D-3 phosphoinositide production in a T 
cell can be administered to a subject at a dose and for a period of time sufficient to inhibit T 

20 cell responses. Alternatively, T cells can be obtained from a subject, contacted with the agent 
in vitro and readministered to the subject. The term subject is intended to include animals in 
which immune responses occur, e.g., mammals, including humans, monkeys, dogs, cats, 
rabbits, rats, mice, and transgenic species thereof. Subjects in which T cell responses can be 
inhibited include subjects in which it is desirable to downmodulate an immune response. 

25 Downmodulauon is intended to encompass both partial and complete inhibition of T cell 
responses, such as lymphokine production and T cell proliferation. The methods are 
applicable, for example, to a subject suffering from an autoimmune disease or other disorder 
associated with an abnormal immune response, or a transplant recipient, such as a recipient of 
a bone marrow transplant or other organ transplant 

30 In one embodiment of the invention, a costimulatory signal is inhibited in a T cell to 

induce antigen-specific T cell unresponsiveness. Accordingly, another aspect of the 
invention pertains to methods for inducing T ceil unresponsiveness to an antigen. The term 
"T cell unresponsiveness" as used herein refers to a reduction in or lack of a T cell response 
(e.g., proliferation, lymphokine secretion or induction of effector functions) by a T cell upon 

35 exposure to an antigen (or antigenic portion) to which the T cell has been rendered 
unresponsive. The terms W T cell unresponsiveness" and "T cell anergy" are used 
interchangeably herein. T cell unresponsiveness to an antigen can be induced by triggering 
an antigen-specific primary activation signal in the T cell (e.g., activation through the 
TCR/CD3 complex) in the absence of a costimulatory signal. In the method of the invention, 
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a costimulatory signal is blocked in a T cell by contacting the T cell with an agent which 
interferes with an intracellular signal associated with costimulation. Specifically, T cell 
unresponsiveness to an antigen can be induced by contacting an antigen-specific T cell (i.e., a 
T cell expressing a TCR which recognizes the antigen) with the antigen in a form suitable to 
5 trigger a primary activation signal in the T cell in the presence of an agent which inhibits 
production of D-3 phosphoinositides in the T cell to inhibit a costimulatory signal. The 
antigen can be, for example, an autoantigen which stimulates an autoimmune reaction or an 
alloantigen which stimulates rejection of transplanted cells. Preferably, the agent which 
inhibits; production of D-3 phosphoinositides inhibits the activity of PI3K in the T cell, such 

1 0 as wortmannin or quercetin, or a derivative or analogue thereof (e.g., LY294002). 

Additional agents which inhibit other intracellular signals associated with costimulation (as 
discussed above) can also be used in conjunction with an agent which inhibits production of 
D-3 phosphoinositides in the T cell. For example, the T cell can be contacted with a PI3K 
inhibitor together with a protein tyrosine kinase inhibitor, such as herbimycin A. 

15 To induce T cell unresponsiveness, an antigen-specific T cell is contacted with an 

antigen in a form suitable to trigger a primary activation signal in the T cell, which means 
that the antigen is presented to the T cell such that a signal is triggered in the T cell through 
the TCR/CD3 complex. For example, the antigen can be presented to the T cell by an antigen 
presenting cell in conjunction with an MHC molecule. A syngeneic antigen presenting cell, 

20 such as a B cell, macrophage, monocyte, dendritic cell, Langerhans cell, or other cell which 
can present antigen to a T cell, can be incubated with the T cell in the presence of the antigen 
such that the antigen presenting cell presents the antigen to the T cell. Alternatively, to 
induce anergy to alloantigens, the T cell can be incubated with an allogeneic cell, which 
presents alloantigens to the T cell. 

25 To induce T cell unresponsiveness to an antigen in vivo, an agent which inhibits 

production of D-3 phosphoinositides in a T cell is administered to a subject at a dose and for 
a period of time sufficient to induce T cell unresponsiveness to the antigen. Following 
administration of the agent, antigen-specific T cells are contacted with the antigen 
endo^ehously (for example, an autoantigen expressed by cells endogenously). Alternatively, 

30 T cell unresponsiveness to an antigen can be induced in vitro. In this case, T cells are 

obtained from a subject, contacted in vitro with the antigen together with the agent to induce 
antigenic unresponsiveness, and then readrninistered to the subject For example, T cells 
obtained from a transplant recipient can be contacted with allogeneic cells from a graft donor 
toge^er^with an agent which inhibits D-3 phosphoinositide production in the T cells (e.g., 

35 wortmannin. quercetin, LY294002) and/or with one or more agents which inhibit one or more 
other intracellular signals associated with costimulation prior to transplantation of the graft 
into the recipient to induce alloantigen-specific T cell unresponsiveness. The recipient T 
cells which have been rendered unresponsive to the donor antigens are then readrninistered to 
the recipient. Alternatively, in the case of bone marrow transplantation, bone marrow to be 
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transplanted (including any residual T cells) can be contacted in vitro with allogeneic cells 
from the bone marrow recipient together with an agent which inhibits D-3 phosphoinositide 
production and/or other intracellular signals associated with costimulation to induce 
unresponsiveness in the donor T cells to recipient alloantigens. This pretreatment can be 
5 performed to inhibit graft versus host disease. 

The methods for inducing T cell unresponsiveness can be applied therapeutically in 
situations where it is desirable to downmodulate an immune response, such as 
transplantation, including organ transplants and bone marrow transplants (as discussed 
above), and autoimmune diseases and other disorders associated with an abnormal immune 
10 response. Examples of autoimmune diseases or disorders associated with an inappropriate or 
abnormal immune response include rheumatoid arthritis, juvenile rheumatoid arthritis, 
psoriatic arthritis, allergies, contact dermatitis, psoriasis, leprosy reversal reactions, erythema 
nodosum leprosum, autoimmune uveitis, multiple sclerosis, allergic encephalomyelitis, 
systemic lupus erythematosus, acute necrotizing hemorrhagic encephalopathy, idiopathic 
15 bilateral progressive sensorineural hearing loss, aplastic anemia, pure red cell anemia, 
idiopathic thrombocytopenia, polychondritis, scleroderma, Wegener's granulomatosis, 
chronic active hepatitis, myasthenia gravis, Stevens- Johnson syndrome, idiopathic sprue, 
lichen planus, Crohn's disease, Graves ophthalmopathy, sarcoidosis, primary biliary cirrhosis, 
primary juvenile diabetes, dry eye associated with Sjogren's syndrome, uveitis posterior, and 
20 interstitial lung fibrosis. 

Another aspect of the invention pertains to stimulating a T cell response by providing 
a costimulatory signal to a T cell. Delivery of a costimulatory signal, in conjunction with a 
primary activation signal, can generate a T cell response. In the method of the invention, a 
costimulatory signal is provided by contacting a T cell which has received a primary 
25 activation signal with an agent which stimulates production of D-3 phosphoinositides in the T 
cell. A T cell "response" is intended to encompass production of at least one lymphokine by 
the T cell (e.g., IL-2) and/or proliferation by the T cell. A primary activation signal can be 
delivered to a T cell by stimulating the T cell through the TCR/CD3 complex, for example by 
anti-CD3 antibodies or by an MHC/antigen complex, or by use of an agent which mimics this 
30 stimulation, for example a phorbol ester (e.g., PMA). The term "agent", as used herein, is 
intended to encompass chemicals and other pharmaceutical compounds which stimulate a 
costimulatory signal in a T cell without the requirement for an interaction betwen a T cell 
surface receptor and a costimulatory molecule. For example, the agent may act intracellularly 
to stimulate a signal associated with costimulation. In one embodiment the agent is a non- 
35 proteinaceous compound. As the agent used in the method is intended to bypass the natural 
receptonligand costimulatory mechanism, the term agent is not intended to include a cell 
expressing a natural ligand of CD28/CTLA4 (e.g., expressing B7-1 and/or B7-2). 

Preferably, production of D-3 phosphoinositides in the T cell is stimulated by 
contacting the T cell with an activator of PI3K. Activators of PI3K can be identified, for 
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example, by methods described below. Additional agents which stimulate one or more other 
intracellular signals associated with costimulation can be used in conjuction with an 
acitivator of D-3 phosphoinositide production. For example, the T cell can be contacted both 
with a first agent which stimulates PI3K activity and a second agent which stimulates protein 
tyrosine phosphorylation within the T cell. Protein tyrosine phosphorylation can be 
stimulated in the T cell, for example, by contacting a T cell with an activator of protein 
tyrosine kinases, such as pervanadate (see O'Shea, J.J. et al. (1992) Proc. Natl Acad. Set 
USA £2:10306-103101; and Secrist, J.P. (1993) J. Biol Chem. 2££:5 886-5893). The T cell 
can also be contacted with a first agent which stimulates PI3K and a second agent which 
stimulates protein serine phosphorylation within the T cell, for example by contacting a T cell 
with an activator of protein serine kinases. In another embodiment, the T cell is further 
contacted with a third agent which stimulates protein tyrosine phosphorylation. 
Alternatively, the T cell can be contacted both with an activator of PI3K and with an agent 
which inhibits the activity of a cellular protein tyrosine phosphatase, such as CD45, to 
increase the net amount of protein tyrosine phosphorylation in the T cell and/or with an agent 
which the activity of a cellular protein serine phosphatase. The method also encompasses 
stimulation of other intracellular signals associated with costimulation of a T cell, such as 
stimulation of phospholipase C activity and/or increases in intracellular calcium levels. 

Another embodiment of the invention provides a method for stimulating a specific 
response to an antigen by an antigen-specific T cell. To stimulate a T cell response, an 
antigen-snecific T cell is contacted with the antigen together with an agent which stimulates 
production of D-3 phosphoinositides in the T cell, thereby triggering a costimulatory signal in 
the T cell Preferably, the agent which stimulates production of D-3 phosphoinositides in the 
T cell activator of PI3K, The T cell is contacted with the antigen in a form suitable for 
sto^a|0ng a p/imary activation signal in the Tcell (eig., through the TGR/GD3 complex), 
such as m.conjuctipn with an MHC molecule. An antigen presenting cell (e.g., a B cell, 
rnacrop^ge, monocyte, dendritic ceU, Langerhan cell, or other cell which can present antigen 
to a T cell) can be incubated with the T cell in the presence of the antigen (e.g., a soluble 
antigen). . Alternatively, a cell expressing ah antigen of interest can be incubated with the T 
cell. Forjexample, a tumor, cell expressing tumor-associated antigens can be incubated with a 
T celly^etfier -Mth an agent which mduces;^ signal to induce a 

tufac^^ infected with a pathogen, e.g. a virus, which 

presehBXa^tigens of the pathogen can be incubated with a T cell in the presence of the agent. 
In addition^tp simulating production of D-3 ; ph6srjlioi^ the T cell, the T cell can be 

cpntactedt^ith one or- more other agents which stimulate one or more additional intracellular 
signals associated with CD28 ligation, for example an activator of a protein tyrosine kinase, 
such as i pervanadate or an activator of a serine kinase. 

An agent which stimulates a CD28-associated intracellular signal in T cells, e.g., an 
activator of PI3K, can be administered to a subject in vivo, or alternatively, a T cell can be 
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obtained from a subject, stimulated in vitro, and readministered to the subject. The methods 
for stimulating T cell responses are useful in therapeutic situations where it is desirable to 
upregulate an immune response (e.g., induce a response or enhance an existing response). 
For example, the method can be used to enhance a T cell response against tumor-associated 
5 antigens. Tumor cells from a subject typically express tumor-associated antigens but may be 
unable to stimulate a costimulatory signal in T cells (e.g., because they lacks expression of 
costimulatory molecules). Thus, tumor cells can be contacted with T cells from the subject 
together with an agent which stimulates D-3 phosphoinositides in the T cell to trigger a 
costimulatory signal in the T cell. Alternatively, T cells can be stimulated as described herein 

10 to induce or enhance responsiveness to pathogenic agents, such as viruses (e.g., human 

immunodeficiency virus), bacteria, parasites and fungi. Additionally, the efficacy of vaccines 
against such pathogenic agents can be enhanced. For example, an agent which stimulates D- 
3 phosphoinositide production in T cells can be administered to a subject infected with a 
pathogenic agent or can be coadministered with a vaccine to enhance the responsiveness of T 

1 5 cells to antigens of the vaccine. Alternatively, T cells can be cultured in vitro which antigen 
presenting cells which express an antigen(s) from a pathogenic agent together with an agent 
which stimulates an intracellular signal associated with cosumulation (e.g., an activator of 
PI3K). 

Another application of the method for stimulating T cell responses pertains to patients 
20 who have impaired signal transduction through CD28 and/or other cell surface molecule(s) 
associated with costimulation (e.g., CTLA4). For example, a patient with idiopathic 
thrombocytopenia has been reported to exhibit defective CD28 -mediated signal transduction, 
presumably due to a congenital defect (see Perez-Bias, M. et aL (1991) Clin. Exp. Immunol. 
j£:424-428). In patients having defective CD28 signalling ability, it may be possible to 
25 bypass the defect and restore CD28-dependent T cell activation by contacting T cells from 
the patient with one or more agents which stimulate intracellular signals generated upon 
normal CD28 ligation. For example, a patient having a defect resulting in reduced or a lack 
of D-3 phosphoinositide production upon CD28 ligation can be treated by contacting T cells 
from the patient with an agent which stimulates production of D-3 phosphoinositides in the T 
30 cells. 

Another aspect of the. invention pertains to screening assays for identifying inhibitors 
and activators of PI3K which can then be used to inhibit or stimulate, respectively, T cell 
responses. PI3K is a heterodirher consisting of a regulatory and a catalytic subunit Two 
forms of the enzyme which preferentially use PtdIns(4,5)P 2 as a substrate and are inhibitable 
35 by wortmannin have been described (see Otsu, M et al. (1991) Cell 61:91-104; Hu, P. et al. 
(1993) Mol Cell Biol. 11:7677-7688; and Hiles, LD. et al. (1992) Cell ZQ:4 19). Another 
form of the enzyme which preferentially uses Ptdlns as a substrate and is not inhibitable by 
wortmannin has also been described (see Stephens. L. et al. (1994) Curr. Biol 4:203-214). It 
will be appreciated that identification of specific inhibitors or activators of PI3K must be 
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specific to the appropriate intracellular form(s) of PI3K involved in costimulatory signals to 
avoid unwanted or adverse side effects. Thus, agents which specifically inhibit or activate a 
form(s) of PI3K involved in costimulation (e.g., a form which is also inhibitable by 
wortmannin) are preferable. 
5 In one embodiment, a screening assay of the invention is based upon the ability of an 

inhibitor or activator of a PI3K to inhibit or stimulate, respectively, the production of at least 
one D : 3 s phosphoinositides in a T cell (preferably PtdIns(3,4,5)P 3 ). To identify an inhibitor 
of a PI3K, a T cell is stimulated through a cell surface receptor that binds a costimulatory 
molecula (i.e., a T cell which has received a costimulatory signal) in the presence and 

1 0 absence of a substance to be tested. Preferably, a T cell which expresses CD28 is used in the 
assay. Alternatively, a T cell which expresses CTLA4 can be used. A costimulatory signal 
can be stimulated in the T cell by contacting the T cell with a iigand for CD28 or CTLA4. 
Preferably, the ligand is a physiologic ligand, such as membrane-bound B7-1 or B7-2, rather 
than antibodies directed against the T cell surface receptor. A cell which naturally expresses 

15 B7-1 and/or B7-2 can be used or more preferably a cell (e.g., a CHO cell) which is 

transfected to express a costimulatory molecule is used. In the presence of an inhibitor of 
PI3K, stimulation of a T cell through a surface receptor which binds a costimulatory 
molecule^ (e.g., CD28) results in reduced production of D-3 phosphinositides in the T cell 
relative to stimulation in the absence of the inhibitor. Production of D-3 phosphoinositides in 

20 the T cell can be measured by any suitable method known in the art. For example, 

production of D-3 phosphoinositides in the T cell can be measured by high pressure liquid 
crirpmatpgraphy (as described in the Examples). Alternatively, D-3 phosphoinositide 
production can be assessed by thin layer chromatography, e.g. as described in Okada, T. et al. 
(1994)^ Biol. Chenu 262:3563-3567-. D-3 phosphoinositides whose intracellular production 

25 can be assessed include PtdIns(3)P, PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 . Preferably, 

production of PtdIns(3,4,5)P 3 in the T cell is detected in the presence or absence of the 
substance to be tested. 

To identify an activator of a PI3K, aTx:ell which expresses a cell surface receptor 
which binds a costimulatory molecule is,cpntacted. 7 with a substance to be tested. An activator 

30 of a PI3K is identified based upon its ability to stimulate production of at least one D-3 

phosphoinositides in a T cell (preferably PtdIns(3,4,5)P3). Thus, in the presence of a PI3K 

activator; the amount of a D-3 phosphoinositide in the T cell is increased relative to the 

■ '/••<•;• ■-* ' •'• - ■ 

aniouritibf the D-3 phosphoinositide in the Tcell in the absence of the substance. 

Productioh of D-3 phosphoinositides (e.g., PtdIns(3)P, mdIns(3,4)P 2 and/or PtdIns(3,4,5)P 3 ) 

35 in me X;|ell can be assessed by standard methods, such as high pressure liquid 

chromatography or thin layer chromatography, as discussed above. 

In another embodiment of the screening, assays of the invention, the ability of a 

substance to directly inhibit or stimulate the activity of a PI3K isolated from a cell is assessed 

and then a substance identified as an inhibitor or activator of the PI3K is contacted with a T 
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cell to determine the ability of the substance to inhibit or stimulate a T cell response. For 
example, an isolated PI3K is incubated with a substrate (e.g. PtdIns(4,5)P 2 ) in the presence of 
a radiolabeled phosphate donor and a substance to be tested. An inhibitor of the kinase 
activity of the PI3K will cause reduced phosphorylation of the substrate (relative to 
5 phosphorylation in the absence of the inhibitor), whereas an activator will cause increased 
phosphorylation of the substrate (relative to phosphorylation in the absence of the activator). 
An inhibitor or activator so identified in vitro is then contacted with a T cell to determine the 
ability of the inhibitor or activator to inhibit or stimulate, respectively, a T cell response (e.g., 
IL-2 production). 

1 0 The invention further pertains to a phosphotyrosine protein of approximately 67 kDa, 

which is associated with CD28 in Jurkat cells and peripheral blood T cells, as described in the 
Examples. This novel protein, termed 67K, appears to be different from itk/emt protein 
tyrosine kinase, lck and PI3K and is most likely involved in a signal transduction pathway 
associated with CD28. In a specific embodiment of the invention, the CD28 signal 

1 5 transduction pathway in which the 67K is involved is inhibited by blocking activation of the 
67K, for example by blocking its phosphorylation. Alternatively, the signal transduction 
pathway associated with the 67K is blocked by inhibiting the interaction between the 67K 
and GD28. In another embodiment of the invention, the signal transduction pathway 
associated with the 67K is stimulated by activating the 67K or by stimulating interaction of 

20 the 67K with CD28. Activation or inhibition of the signal transduction pathway involving 

the 67K can be performed with any of the above described embodiments resulting in blocking 
of T cell responses, or alternatively in stimulating T cells responses. 



Other Embodiments 

25 Other cells types in addition to T cells have been described which express CD28 on 

their surface. These cell types include plasma cells (see Kozbor, D. et al. (1987) 7. Immunol 
12&4128-4132) and bone marrow-derived mast cells. Stimulation of other CD28+ cells 
types through CD28 may also lead to production of D-3 phosphoinositides in the cells and 
generation of specific cell responses. Inhibition or activation of D-3 phosphoinositide 

30 production in these cells, by the methods described herein, may also be useful for inhibiting 
or stimulating responses by other CD28 + cell types. 

This invention is further illustrated by the following examples which should not be 
construed as limiting. The contents of all references, patents and published patent 
35 applications cited throughout this application are hereby incorporated by reference. 

EXAMPLE Ligation of CD28 Stimulates Production of D-3 Phosphoinositides 
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In this example, the production of D-3 phosphoinositides in CD28+ Jurkat cells upon 
stimulation of the Jurkat cells through CD28 or CD3 was examined. Jurkat cells were labeled 
with carrier-free [ 32 P]-orthophosphate ([ 32 Pi]) as follows: Jurkat cells were washed 3 times in 
phosphate-free media (DMEM/RPMI) and incubated for 10 minutes at 37 °C for 10 minutes 
5 betweenuwashes. The cells were resuspended in 1 0 ml phosphate-free media containing 20 
mM HEPES, pH 7.4 and 5 % dialysed fetal calf serum (dialysed overnight against saline). 
Carrier^free [ 32 Pi] was added to the cells (1 mCi/10 ml cells) and the cells were incubated at 
37 °C for 4 to 6 hours. After labeling, cells were washed 3 times with phosphate-free media 
and resuspended in RPMI 1 640 containing 20 mM HEPES. 

1 0 In various experiments, aliquots of [ 32 Pi]-labeled Jurkat cells (0. 1 5 ml; 2 x 1 0 7 cells) 

were stimulated with media alone, an anti-CD3 antibody (G19-4), an anti-CD28 antibody 
(9.3), imtransfected CHO cells, or CHO cells transacted to express a CD28 ligand, either 
human B7-1 (CHO-B7-1 ) or B7-2 (CHO-B7-2). [obtained from Drs. G. Freeman and L. 
Nadler;jCHO cells were transfected with a recombinant expression vector containing a cDNA 

15 encoding human B7-1, the sequence of which is disclosed in Freeman, GJ.'et al. (1989) J. 
Immunpk 1 43:2714-2722. or a cDNA encoding human B7-2, the sequence of which is 
disclosed in Freeman, G.J. et al. (1 993) Science 262:909-91 1, by standard techniques). For 
stimulation with CHO cells, Jurkat cells were incubated with 10 7 CHO cells and cell contact 
was achieved by low speed centrifugation in a microfuge for 5 seconds. At various time 

20 intervajs^pllowmg stimulation (ranging between about 1 and 25 minutes), the cells were 

lysed andr phospholipids were extracted,,deacylated arid separated by anion exchange HPLC 
basicali^as described in Ward, S.G et al. (1992) J. Immunol. 22:45, with modifications as 
described below. 

The incubations were terminated by addition of 750 ml CHCl 3 /methariol/water 
25 (32.6%/65.3%^2.1% v/v/v). Once cell reactions were quenched, the samples were kept on ice 
durin^&Sseqqent extractions. Phases were separated by addition of 725 ml CHC1 3 
(coritm^lg 10 mg Folch lipids; e g., from Sigrna, Catalogue No. B 1502) and 172 ml 2.4 M 
HC1, 5 sample; The samples were vortexed and 

centrifuged for 5 minutes at 1000 rpm tb separate phases ;Tne lower phase was removed and 
30 addeld^a^ube jc ontaining V 2 volume o0vM HC1 V ^^mM^Na^EDTA,^^.©^ 5 mM 
te^butylaminbnium sulphate. ,Tne sam to separate phases, the 

bott^mfla^^was removed and placed m a clean tube, and the sample was dried down in 
yacub^^pples were deacylatedvby adding^ .ir^memyiamine reagent (40 % in 
water/m^anol/n-butanol 4:4:1 v/v/v); ybrtexing and incubating at 53 °C for 40 minutes. 
35 Samples jvyere placed on ice and then dried down in vacuo. The samples were resuspended in 
0.5 rhl stetile distilled water and vortexed to mix. The samples were extracted twice with 0.7 
ml n-butanol:40-60% petroleum ether/ethyl formate (20:4:1 v/v/v). The bottom aqueous 
phase was dried in vacuo and stored at -70 °C prior to HPLC analysis. 
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HPLC was performed using a gradient based on buffers A (water)/B [1 .25 M (NH 4 ) 2 
HP0 4 ] (adjusted to pH 3.8 with H 3 P0 4 at 25 °C) and a Partisphere SAX column 
(commercially obtained from Whatman). Deacylated phospholipid samples were 
resuspended in 0. 1 ml distilled water and injected onto the column. The eluate was fed into a 
5 Canberra Packard A-500 Flo-One on-line 6<?ta-radiodetector, where it was mixed with three 
parts Flo-Scint IV scintillation cocktail and the results were analyzed on the Flo-One data 
program (Radiomatic, USA). Eluted peaks were compared to retention times for standards 
prepared from [ 3 H]PtdIns, [3H]PtdIns(4)P and [ 3 H]PtdIns(4,5)P 2 (commercially obtained 
from Amersham International). Standard [ 32 P]PtdIns(3)P, [ 32 P]PtdIns(3 ,4)1*2 and 
1 0 [32p]PtdIns(3,4,5)P 3 were prepared by incubating isolated phosphatidylinositol 3-kinase with 
Ptdlns (commercially obtained from Sigma) as described in Ward, S. G. et al. (1992) J. Biol 
Chem. 262:23862. 

The production of PtdIns(3,4,5)P 3 in Jurkat cells following stimulation with anti-CD3 
or anti-CD28 antibodies for 1-5 minutes is shown in Figure 1. The results demonstrate that 

1 5 while stimulation through either CD3 or CD28 induces PtdIns(3,4,5)P 3 production, the 

induction kinetics for the two pathways are distinct Upon CD3 stimulation, PI3K activation 
(as assessed by PtdIns(3,4,5)P 3 production) increases early (i.e., within 2 minutes) and is 
transient (i.e., returns to baseline by 5 minutes). In contrast, PI3K activation induced by 
CD28 stimulation is delayed compared to CD3 stimulation (i.e., is not maximal until 5 

20 rninutes or later) and persists longer than that induced by CD3 stimulation. These results 

indicate that distinct mechanisms are involved in PI3K activation mediated by either CD3 or 
CD28 ligation. 

The production of PtdIns(3,4,5)P 3 in Jurkat cells following stimulation with CHO-B7- 

1 or CHO-B7-2 cells for 0-20 minutes is shown in Figure 2. The results indicate that 

25 stimulation of CD28 with either B7-1 or B7-2 induces potent activation of PI3K (as assessed 
by PtdIns(3,4,5)P 3 production). The induction kinetics are slightly different for the two 
CD28 ligands: B7-1 stimulates activation earlier than B7-2, although both plateau to the same 
level. Stimulation of PtdIns(3,4,5)P 3 production by either B7-1 and B7-2 is very strong and 
persistent (ie., continues for more than 20 minutes). 

30 This example demonstrates that stimulation of T cells through CD28, either by its 

natural ligands B7-1 and B7-2 or by an anti-CD28 antibody, induces the production of D-3 
phosphoinositides within T cells, mdicating activation of PI3K upon CD28 ligation. In 
addition, this example demonstrates that CD28 shares in common B7-1 and B7-2 as 
physiological ligands, since Jurkat cells are CD28 + but CTLA4* and cannot be induced to 

35 express CTLA4 (as shown in Lindsten, T. (1993) J. Immunol. 151:3489-3499). Thus, 

CTLA4 apparently is not required for B7-induced signal transduction and both B7-1 and B7- 

2 are physiologic ligands for CD28. 
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EXAMPLE 2; A Phosphatidylinositol 3-Kinase Inhibitor Can Inhibit Production 

of D-3 Phosphoinositides Induced by CD28 Ligation 

In this example, the effect of an inhibitor of phosphatidylinositol 3-kinase on CD28- 
5 mediated production of D-3 phosphoinositides within Jurkat cells was examined. Jurkat cells 
were labeled with orthophosphate and stimulated with CHO cells transfected to express B7-2, 
as described in Example 1 . Additionally, during stimulation, the cells were incubated in the 
presence; of various concentrations (0-100 mM) of the fungal metabolite wortmannin, which 
is an inhibitor of phosphatidylinositol 3-kinase. Wortmannin was obtained commercially 

1 0 from Sigma Chemical Co. and stored as a 10 mM solution in DMSO at -40 °C. It was diluted 
in medium immediately before addition to cells in culture. Following stimulation in the 
presence or absence of wortmannin, the amount of PtdIns(3,4,5)P 3 produced in the cells was 
measured by HPLC, as described in Example 1 . The results are shown in Figure 3, wherein 
the amount of PtdIns(3,4,5)P 3 detected in woitmannin-treated Jurkat cells upon stimulation 

15 with CHO-B7-2 is plotted graphically as a percentage of the amount of PtdIns(3,4,5)P 3 

detected in untreated Jurkat cells stimulated with CHO-B7-2. The results demonstrate that 
treatment of Jurkat cells with increasing concentrations of wortmannin decreases the amount 
of D-3 phosphoinositides produced in the cells upon ligation of CD28 with B7-2. 
Accordingly, this example demonstrates that the generation of D-3 phosphoinositides 

20 mtracellularly as a result of stimulation of T cells through CD28 can be inhibited by 
inhibiting the activity of phosphatidylinositol 3-kinase within the T cells. 

EX AMPLE 3; Effect of Pharmacological Inhibitors on CD28-M ediated Calcium Flux 

25 In this example, the effect of phamiac'ological.inhibitors on calcium flux in Jurkat 

cells induced by anti-CD28 antibodies was examined. The pharmacological inhibitors 
smmedvwere wortmannin, which inhibits the activity of PI3K, and herbimycin A, which 
inhibits the activity of protein tyrosine kinases. Jurkat cells were stimulated with an anti- 
CD28 antibody, either in medium alone or in the presence of wortmannin or herbimycin A, 

30 . and the]mean calcium. concentration (nM) in the cells was measured over several minutes 
folto^ As illustrated in Figure 4, herbimycin A was capable of inhibiting 

^2|^^^^y-in^uced calcium flux. In contrast, wortmannin was unable to inhibit CD28- 
&tib«d^induced calcium flux. These results indicate that ; the effects of womnannin on T 
cells arelnot mediated by interfering with calcium flux. Furthermore, given results described 

35 below? irivExample 5 showing that wortmannin inhibits costimulation as measured by IL-2 
production induced by B7-1 or B 7-2, this data indicates that measurement of CD28-induced 
calcium elevation is likely to be a misleading read-out for assessing compounds that 
specifically induce T cell unresponsiveness (i.e.. anergy) or costimulation. 
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FYATVTPLE4: Induction of Calcium Flux by Natural CD28 Ligands 

In this example, adhesion of CHO-B7-1 or CHO-B7-2 to Jurkat cells and induction of 
calcium mobilization in Jurkat cells in response to stimulation with CHO-B7-1 and B7-2 
5 were examined. A flow cytometic cell calcium-conjugate assay, as described in Abe, R. et al. 
(1992) J. Exp. Med. 126:459-468, was used. In the cell conjugate assay, T cells are loaded 
with the calcium sensitive fluorescent probe indo-1 (which generates blue and green signals). 
CHO cells transfected with a control plasmid (CHO-neo) or CHO cells transfected to express 
B7-1 or B7-2 are loaded with the tracer dye DilC22(3) (which generates red signals; obtained 

1 0 commercially from Molecular Probes). Jurkat cell-CHO cell conjugates are analyzed by flow 
cytometry. Conjugates consisting of T cells and CHO ceils can be measured by gating on red 
signals and calcium levels can be measured in the T cells by gating on the blue and green 
signals. The results are displayed as a series of two paramater dot plots, shown in Figure 5. 
Calcium (indo-1 ratio) is on the Y axis and cell conjugates (red tracer) is on the X axis. Cells 

15 in the upper right quadrant represent Jurkat cells having high levels of calcium conjugated to 
CHO cells. Cells in the lower right quadrant represent Jurkat cells having normal calcium 
levels conjugated to CHO cells. Cells in the upper and lower left quadrants represent non- 
conjugated Jurkat cells having high or low levels of calcium, respectively. 

The data indicates that both B7-1 and B7-2 can mediate adhesion to Jurkat cells. 

20 However, both ligands are poor at causing increases in calcium mobilization. Therefore, B7- 
1 and B7-2 are much more efficient at inducing PI3K activation (see Example 1) than 
calcium mobilization. In contrast, anti-CD28 antibodies are capable of stimulating both PI3K 
activation (see Example 1 ) and calcium flux (see Example 3). Thus, it appears that there are 
differences in the intracellular signals generated through CD28 ligation, depending upon 

25 whether natural ligands (e.g., B7-1 or B7-2) or antibodies are used for stimulation. It has 
previously been described (Nunes, J. et al. (1993) Int. Immunol. 5:31 1-315) that CD28 
antibodies can have multiple and distinct effects on biochemical aspects of T cell signal 
transduction and activation (e.g., IL-2 production). These observations further indicate that it 
was not possible to predict the biochemical effects of natural ligands of CD28 (i.e., 

30 membrane-bound B7-1 and B7-2) on production of D-3 metabolites, as described herein, 
based upon extrapolation from previous results with CD28 antibodies. 

E XAMPLE 5: A Phosphatidylinositol 3-Kinase Inhibitor Can Inhibit Production 

of Interleukin-2 Induced by CD28 Ligation 



35 



In this example, the effect of an inhibitor of phosphatidylinositol 3-kinase on CD28- 
dependent production of interleukin-2 by T cells was examined. In a first series of 
experiments, the effect of T cell stimulation through CD28, in conjunction with stimulation 
through CD3, on IL-2 production was assessed in the absence of wortmannin. Highly 
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purified human peripheral blood T cells were incubated for 24 hours with an immobilized 
anti-CD3 antibody (OKT3) alone or together with either an anti-CD28 antibody (9.3) or 
mitomycin C-treated CHO cells, either untransfected or transfected to express B7-1 or B7-2. 
Increasing numbers of CHO cells were tested (0.5 x 10 6 to 4 x 10 6 ). After culture for 24 
5 hours, the culture supematants were assayed for IL-2 production by ELISA by standard 
techniques. As shown in Figure 6, cells incubated in medium alone, OKT3 alone, or OKT3 
together with untransfected CHO cells did not produce IL-2. In contrast, culture of the cells 
with OKT3 together with CHO cells expressing B7-1 or B7-2 stimulated IL-2 production in a 
dose dependent manner. Culture with OKT3 and 9.3 antibodies also stimulated IL-2 

10 production. These results confirm that CD28 ligation, such as by B7-1 or B7-2 stimulation, 
can provide a costimulatory signal for lymphokine production. 

In a next series of experiments, resting human T cells were stimulated with either: 
l)immobiIized OKT3 + CHO-B7-1, 2) immobilized OKT3 + CHO-B7-2, 3) immobilized 
OKT3 + CHO-B7-1+B7-2, 4) PMA + CHO-B7-1 or 5) PMA + B7-2. Stimulation of T cells 

1 5 was performed in media alone or in media containing wortmannin at concentrations between 

1 nM and 1 mM. Twenty-four hours following culture, the supematants were assayed for IL- 

2 production by ELISA. The results are shown in Figures 7 A and 7B. The results indicate 
that woitmannin can inhibit IL-2 production stimulated by either B7-1 or B7-2 in conjunction 
with CD3 stimulation. Wortmaniiin-mediated inhibition of IL-2 production was dose 

20 dependent The ID 50 for inhibition of B7-2-mediated stimulation was approximately 1 0 nM. 
The ID 50 for inhibition of B7-1 -mediated stimulation was between 10 and 100 nM. These 
doses of wortmannin are not generally toxic to the cells and do not inhibit IL-2 production by 
a non-specific mechanism, as evidenced by the fact that IL-2 production stimulated by PMA 
together with membrane-bound B7-1 or B7-2 was not inhibited by wortmannin at 

25 concentrations as high as 1 mM. This example demonstrates that T cell activation, as 

assessed by production of IL-2 in response to stimulation through the TCR/CD3 complex and 
CD28, can be inhibited by treatment of the T cell with an agent which inhibits the activity of 
phdspha^dylinositol 3-kinase within the T cell. 

30 FyAT^igR:6: Differential effect of herbimycin on PI 3K activation of Jurkat 

ceils stimulated with anri-CD28 or the natural ligands of CD28 

;^Tq- assess the means of PI 3-kinase activation, Jurkat T cells (20 x 10^ cells) were 
stimula^iwith anti-CD28 mAb 9.3 (10 ug) or with CHO cells expressing B7rl or B7-2 (10 
x 10 6 c&ls); The cells were labeled with 32 P orthophosphate, as described in Example 1, and 
35 either preidcubated in medium containing vehicle diluent or in 3 uM herbimycin A. After 5 
mmutes & cells were lysed and PI 3-kinase assessed by measurement of PtdIns(3,4,5)P3 by 
HPLC as described in Example 1 . 

The results are presented in Figure 8. Production of PtdIns(3,4,5)P3 by Jurkat cells 
stimulated with 9.3 antibody was prevented by herbimycin pretreatment. Unexpectedly, B7-1 
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and B7-2 induced PI 3-kinase activation as measured by the production of PtdIns(3,4,5)P3 
was resistant to herbimycin pretreatment. These results indicate that a herbimycin 
independent pathway for activation of PI 3-kinase by CD28 exists, and since herbimycin has 
been shown to inhibit a variety of src family kinases, that CD28 can activate PI 3-kinase 
5 independent of src family protein tyrosine kinases. 

To further investigate this dichotomy, 20 x 10 6 Jurkat cells were stimulated with 9.3 
mAb (lO^ig) or with 10 x 10 6 CHO-B7-1 cells. The cells were either preincubated with 
herbimycin A 3uM or in vehicle. The CD28 mAb was further crosslinked with goat anti- 
mouse IgG and the cefls lysed after 5 to 10 min. PI 3-kinase activation was assessed by thin 

1 0 layer chromatography using an in vitro lipid kinase assay, as described in Ward, S.G. et al. 
(1995) Eur. J. Immunol. 22:526-532. 

The results are represented in Figure 9. Both the anti-CD28 9.3 mAb and CHO-B7 
cells induced PI 3-kinase activity as evident from a comparison of the control lanes to the 10 
minutes 9.3 mAb lanes and the 5 minutes B7 lanes. Again, the polar kinase products of PI 

15 were inhibited by herbimycin after 9.3 mAb stimulation and resistant to herbimycin after B7 
stimulation. 

Thus, herbimycin blocks activation of PI 3 K in Jurkat cells stimulated with anti- 
CD28, but not in Jurkat cells stimulated with CHO-B7-1 or CHO-B7-2 cells, indicating the 
existence of herbimycin independent pathway for activation of PI 3-kinase by CD28. 

20 

E2SAMELE 7: Differential effects of herbimycin on the secretion of IL-2 by T 

cells. 

To further determine the signal transduction pathways that are involved with CD28 
receptor ligation, CD28 *T cells (prepared by negative selection of peripheral blood T cells) 
25 were cultured overnight in various concentrations of herbimycin (from 0.1 to 3 uM) and 
stimulated with PMA at 3 ng/ml only or with mAb 9.3 in solution at 1 ug/ml, mAb 9.3 
coated beads, ionomycin at 0.08 ng/ml, CHO-B7-1, or with CHO-B7-2 cells. Supernatants 
were harvested after 24 hours and analyzed for IL-2 content by ELISA. 

The results are represented in Figure 1 0 panel A. The results indicate that PMA plus 
30 9.3 mAb induced IL-2 secretion was sensitive to herbimycin with an ID50 of about 0.2 [iM. 
Similarly, IL-2 secretion induced by PMA plus CHO-B7-1 cells was also sensitive to 
herbimycin. In contrast, IL-2 secretion was quite resistant when cells were stimulated with 
PMA plus ionomycin, with an ID 50 of >3 uM. To further test the mechanism of inhibition by 
herbimycin, cells were also stimulated in the presence or absence of ionomycin. IL-2 
35 secretion in cells stimulated with PMA plus ionomycin plus 9.3 mAb becomes quite resistant 
to herbimycin, even at 3 fiM herbimycin A. 

To further test this finding of herbimycin sensitive and resistant IL-2 secretion, T cells 
were stimulated with CD3 antibody OKT3 immobilized on beads with either CHO-B7-1 or 
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CHO-B7-2 cells, or with 9.3 mAb in the presence or absence of ionomycin. Supernatants 
were collected after 24 hours and the amount of IL-2 deteimined by ELISA. 

. The results are represented in Figure 10 panel B. Contrarily to IL-2 secretion 
resulting from stimulation of T cells with PMA and B7-1 or B7-2, which was found to be 
5 sensitive to herbimycin, IL-2 secretion was found to be quite resistant to herbimycin when 
PMA was replaced with anti-CD3. These results indicate that CD28 can trigger herbimycin 
resistantJL-2 secretion, depending on the context of the signal. When T cells were activated 
in a manner that does not trigger calcium signals (i.e., PMA plus anti-CD28) then IL-2 
secretion was herbimycin sensitive. In contrast when T cells were activated in the presence 
10 of a calcium signal (i.e., PMA plus ionomycin plus B7 or anti-CD28), then the signal was 
resistant to herbimycin. This indicates that either CD28 does not require an essential signal 
provided by herbimycin sensitive tyrosine kinases or alternatively, that, a calcium signal may 
be able -to bypass a requirement for an essential tyrosine kinase cascade that is triggered by 
CD28. 

15 

EXAMELE 8: Identification of a 67 kDa tyrosyl phoshoprotein associated with 

CD28. 

To date, the only reported proteins to display physical association with CD28 are PI 
3-kiriase,crruitt, K.E., et al. (1994) 7. Exp. Med. 122:1071-1076) and the sre family kinase 

20 Ick (August, A. and Dupont, B. (1994) Biochem. Biophys. Res. Commuru 199:1466-1473^. 

To further study CD28 mediated signal transduction, a search was initiated in Jurkat cells and 
T cells for proteins that are physically associated with GD28. Cells were stimulated with 9.3 
mAb for various times, lysed in NP-40 detergent, and immunoprecipitation of CD28 done 
with Slaphiloccocal protein A. The irnmunoprecipitates were washed, eiuted, and separated 

25 by SljSrPAGE under reducing conditions. After transfer, immunoblots were done using 

anuphbsphotyrosine Ab 4G10 coupled to horse radish peroxidase. Tyrosine phosphorylated 
prpteiriSvwere identified by cheniilurriinescence using ECL. 

TThe results are presented in Figure 11, which represents an autoradiography of an 
inimunoblot A band with relative migration of -67 kDa was identified in the CD28 

30 inmiunqgrecipitations. This band corresponding to the phosphoprotein appears rapidly after 
CD28\^iniulation, within 3 minutes in Jurkat cells. A similar or identical protein has been 
idenune&in T cell blasts. This protein does not appear to be the itk/emt protein tyrosine 
kinase|||cause antibodies to itk do not reveal itk in CD28 irnmunoprecipitates. Furthermore, 
the molecular weight of this CD28 associated protein, is not consistent with Ick or PI 3- 

35 kinase! v Therefore, this is a novel CD28 associated protein. 

Thus, the results show that a novel phosphoryrosine protein of approximately 67 kDa 
is associated with CD28 in Jurkat ceils and in T cell blasts stimulated through CD28. 
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FOTTTVALENTS 

Those skilled in the art will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the specific embodiments of the invention 
described herein. Such equivalents are intended to be encompassed by the following claims. 

5 • 
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1 . A method for inhibiting a response by a T cell expressing a cell surface receptor 
which binds a costimulatory molecule, comprising contacting the T cell with an agent which 

5 inhibits production of D-3 phosphoinositides in the T cell. 

2. The method of claim 1 , wherein the agent is an inhibitor of phosphatidylinositol 3- 
-kinase. 

10 3 . The method of claim 2, wherein the inhibitor of phosphatidylinositol 3-kinase is 

selected from a group consisting of wortmannin, quercetin and LY294002, and derivatives or 
analogues thereof. 

4. The method of claim 1 , wherein the response by the T cell comprises production of at 
1 5 least one lymphokine. 

5. The method of claim 4, wherein the lymphokine is interleukin-2. 

6. The method of claim 1 , wherein the response by the T cell comprises proliferation. 



20 



7. The method of claim 1 , further comprising contacting the T cell with a second agent 
which inhibits protein tyrosine phosphorylation in the T cell. 



8. The method of claim 7, wherein the second agent is an inhibitor of a protein tyrosine 
25 kinase. 

9. The method of claim 8, wherein the inhibitor of a protein tyrosine kinase is 
heroimycin A or a derivative or analogue thereof. 

30 10. ^The method of claim 7, wherein the second agent is a tyrosine phosphatase or an 
acuvator^of a tyrosine phosphatase. - 

• • • '' : .s 

■ ;-Mk * . • 

11. The method of claim 1 0, wherein the tyrosine phosphatase is a cellular tyrosine 



35 ;f , 

12. ilie method of claim 1 1, wherein the cellular tyrosine phosphatase is CD45 or Hcph. 

.V 

13. The method of claim 12, wherein the second agent is a molecule which binds to and 
activates CD45. 
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14. The method of claim 13, wherein the second agent is an ariti-CD45 antibody, or 
fragment thereof. 

5 15. A method for inducing unresponsiveness to an antigen in a T cell expressing a cell 
surface receptor which binds a costimulatory molecule, comprising contacting the T cell with 
the antigen and an agent which inhibits production of D-3 phosphoinositides in the T cell. 

16. The method of claim 15, wherein the agent is an inhibitor of phosphatidylinositol 3- 
10 kinase. 



17. The method of claim 1 6, wherein the inhibitor of phosphatidylinositol 3-kinase is 
selected from a group consisting of wortmannin, quercetin and LY294002, and derivatives or 
analogues thereof. 

15 

1 8. The method of claim 15, wherein the antigen is an alloantigen. 

1 9. The method of claim 1 5, wherein the antigen is an autoantigen. 

20 20. The method of claim 15, wherein the T cell is contacted with the antigen and the 
agent in vitro and the method further comprises administering the T cell to a subject 

21. A method of claim 20, wherein the antigen is on a surface of an allogeneic or 
xenogeneic cell and the subject is a recipient of an allogeneic or xenogeneic cell. 

25 

22. A method of claim 20, wherein the subject is suffering from an autoimmune disease 
or a disorder associated with an inappropriate or abnormal immune response. 

23 . A method for stimulating a response by a T cell which has received a primary 
30 activation signal and expresses a surface receptor that binds a costimulatory molecule, 

comprising contacting the T cell with an agent which stimulates production of D-3 
phosphoinositides in the T cell. 

24. The method of claim 23, wherein the agent is an activator of phosphatidylinositol 3- 
35 kinase. 

25. The method of claim 23, wherein the response by the T cell comprises production of 
at least one lymphokine. 
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26; • v-ffifee method of claim 25, wherein the lymphokine is interleukin-2. 

27: -Sfcie method of claim 23, wherein the response by the T cell comprises proliferation. 

5 28. v TThe method of claim 23, further comprising contacting the T cell with a second agent 
which stimulates protein tyrosine phosphorylation in the T cell. 

29. The method of claim 28, wlierein the second agent is an activator of a protein tyrosine 



10 



:>.'~ ; .*.. 



30: ..'.iThe method of claim 28, wherein the second agent is an inhibitor of a cellular tyrosine 
phosphatase. 



31. c^e method of claim 30, wherem the cellular tyrosine phosphatase is GD45. 

15 1 . ||l % ' " . ■ ; . 

32. A method for stimulating a response to an antigen by a T cell expressing a cell surface 
receptor which binds a cosumulatpry molecule comprising contacting the T cell with the 

5an agent whiph :s^^tes;^ r ro4uction of D-3 phosphoinositides in the T cell. 

is ari aptivator of phosphatidylinositol 3- 

-^^p|^^9.^ of claim 32, wherein the antigen is a tumpr^associated antigen. 
25 35. 1 "^The method of claim 32, wlierein the antigen is^from a pathogen selected from the 





;;32;^ ; i|f^^ 3.6^ wfoerem m^ expressed by a tumor cell present in the 

-subjects- - r . . l - , , • > . n ... ... : 
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39. A method for identifying an inhibitor of a phosphatidylinositol 3 -kinase comprising: 

a) providing a T cell which expresses a receptor that binds a costimulatory molecule; 

b) stimulating an intracellular signal transduction pathway in the T cell associated 
5 with ligation of the receptor in the presence of an agent to be tested; and 

c) determining an amount of at least one D-3 phosphoinositide produced in the T cell, 

wherein a reduced amount of at least one D-3 phosphoinositide produced in the T cell in the 
presence of the agent relative to an amount produced in the T cell in the absence of the agent 
1 0 indicates that the agent is an inhibitor of a phosphatidylinositol 3 -kinase. 

40. The method of claim 39, wherein the receptor is CD28. 

41 . The method of claim 40, wherein the T cell is contacted with a ligand for CD28. 

15 

42. The method of claim 40, wherein the ligand for CD28 is a membrane-bound form of a 
B lymphocyte activation antigen selected from the group consisting of B7-1 and B7-2. 

43. The method of claim 39, wherein production of at least one D-3 phosphoinositide in 
20 the T cell is measured by high pressure liquid chromatography. 

44. A method for identifying an activator of phosphatidylinositol 3-kinase comprising: 

a) contacting a T cell which expresses a receptor that binds a costimulatory molecule 
25 with an agent to be tested; and 

b) deteniiining an amount of at least one D-3 phosphoinositide produced in the T cell, 

wherein an increased amount of at least one D-3 phosphoinositide produced in the T cell in 
the presence of the agent relative to an amount produced in the T cell in the absence of the 
30 agent indicates that the agent is an activator of a phosphatidylinositol 3-kinase. 

45. The method of claim 44, wherein production of at least one D-3 phosphoinositide in 
the T cell is measured by high pressure liquid chromatography. 

35 46. The method of claim 1, further comprising contacting the T cell with a second agent 
which inhibits protein serine phosphorylation in the T cell. 

47. The method of claim 7, further comprising contacting the T cell with a third agent 
which inhibits protein serine phosphorylation in the T cell. 
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48. The method of claim 15, further comprising contacting the T cell with a second agent 
which inhibits protein tyrosine phosphorylation in the T cell. 

5 49. The method of claim 1 5, further comprising contacting the T cell with a second agent 
which inhibits protein serine phosphorylation in the T cell. 

50. The method of claim 48, further comprising contacting the T cell with a third agent 
which inhibits protein serine phosphorylation in the T cell. 

10 

5 1 . The method of claim 23, further comprising contacting the T cell with a second agent 
which stimulates protein serine phosphorylation in the T cell. 

52. The method of claim 28, further comprising contacting the T cell with a third agent 
1 5 which stimulates protein serine phosphorylation in the T cell. 

53. The method of claim 32, further comprising contacting the T cell with a second agent 
which stimulates protein tyrosine phosphorylation in the T cell. 

20 54. The method of claim 32, further comprising contacting the T cell with a second agent 
which stimulates protein serine phosphorylation in the T cell. 

55. The method of claim 53, further comprising contacting the T cell with a third agent 
which stimulates protein serine phosphorylation in the T cell. 

25 

56. •••An isolated protein of approximately 67 kDa which is associated with CD28 and 
tyrosine phosphorylated in activated T cells. 
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